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ExportinThe transport of proteins between the cytoplasm and nucleus requires interactions between soluble transport
receptors (karyopherins) and phenylalanine–glycine (FG) repeat domains on nuclear pore complex proteins
(nucleoporins). However, the role of speciﬁc FG repeat-containing nucleoporins in nuclear protein export has
not been carefully investigated.We have developed a novel kinetic assay to investigate the relative export kinet-
ics mediated by the karyopherin Msn5/Kap142 in yeast containing speciﬁc FG-Nup mutations. Using the Msn5
substrate Crz1 as a marker for Msn5-mediated protein export, we observe that deletions of NUP100 or NUP2 re-
sult in decreased rates of Crz1 export, while nup60Δ and nup42Δ mutants do not vary signiﬁcantly from wild
type. The decreased Msn5 export rate in nup100Δ was conﬁrmed using Mig1-GFP as a transport substrate. A
nup100ΔGLFG mutant shows defects in nuclear export kinetics similar to a nup100Δ deletion. Removal of
FG-repeats from Nsp1 also decreases export kinetics, while a loss of Nup1 FXFGs does not. To conﬁrm that our
export data reﬂected functional differences in protein localization, we performed Crz1 transcription activation
assays using a CDRE::LacZ reporter gene that is upregulated upon increased transcription activation by Crz1 in
vivo. We observe that expression from this reporter increases in nup100ΔGLFG and nsp1ΔFGΔFXFG strains that
exhibit decreased Crz1 export kinetics but resembles wild-type levels in nup1ΔFXFG strains that do not exhibit
export defects. These data provide evidence that the export of Msn5 is likely mediated by a speciﬁc subset of
FG-Nups and that the GLFG repeat domain of Nup100 is important for Msn5-mediated nuclear protein export.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The nuclear envelope (NE) in eukaryotes separates the nucleo-
plasm from the cytoplasm. The ability to control the transport of pro-
teins and RNAs across the nuclear envelope is essential for mediating
eukaryotic cell processes such as gene expression and transcriptional
regulation, cell division, and signal transduction.Nuclear pore complexes
(NPCs) perforate the NE and are the only known conduit for transport
between the nuclear and cytoplasmic compartments. NPCs are com-
posed of 30 different proteins termed nucleoporins or “Nups” that are+1 315 228 7997.
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l rights reserved.found in 8–64 copies per NPC [1,2]. The Nups provide both structure
and function to the nuclear pores, serving to perforate the NE, forming
the proteinaceous channel between the cytoplasm and nucleus, and reg-
ulating the translocation of substrates through the NPCs (reviewed in
[3,4]). The Nups that line the channel within each NPC contain domains
consisting of phenylalanine–glycine (FG) pairs separated by highly de-
generate amino acid sequences. Nucleoporins containing one or more
of these repeat motifs are termed “FG Nups” and have ﬁlamentous, un-
structured regions that extend into the channel of the NPC, making up
the permeability barrier and facilitating translocation [2,5,6]. In contrast,
nucleoporins devoid of FG repeats have discrete structures and comprise
the structural backbone of the NPC [7,8]. In the thirteen FG-Nups
expressed in yeast, three general types of these repeat sequences have
been identiﬁed: FXFG-repeats, with small, charged spacer sequences;
GLFG-repeats, which have non-acidic spacer sequences; and more de-
generate FG-repeats found in several Nups, including some that also con-
tain FXFG or GLFG-repeats (reviewed in [4,9]). The functional differences
between the different types of FG-repeats and between different Nups
with similar repeat types remain unclear.
Protein transport through NPCs is mediated by karyopherins (Kaps).
Speciﬁc Kaps function to either import or export speciﬁc cargo proteins
(reviewed in [10,11]). Kaps responsible for nuclear import (“importins”)
bind a nuclear localization signal (NLS) on their transport substrate in
Table 1
Yeast strains used.
Strain Genotype Source
BY4741 MATα his3 leu2 lys2 ura3 OpenBiosystems
BY4742 MATα his3 leu2 met15 ura3 OpenBiosystems
KBY643 MATα nup60ΔKANR his3 leu2 lys2 ura3 OpenBiosystems
KBY793 MATα nup100ΔKANR his3 leu2 lys2 ura3 OpenBiosystems
KBY795 MATα nup170ΔKANR his3-11 leu2-3,112 ura3-1 lys2 OpenBiosystems
KBY893 MATα msn5Δ ura3 leu2 his3 trp1 ade2 OpenBiosystems
KBY1350 MATα nup42ΔKANR his3 leu2 lys2 ura3 OpenBiosystems
KBY1352 MATα nup2ΔKANR his3 leu2 lys2 ura3 OpenBiosystems
SWY2283 MATα ura3-1 his3-11, 15 leu2-3, 112 lys2 [25]
SWY2762 MATα HA-LoxP-nup100ΔGLFG trp1 ura3 leu2 his3 [25]
SWY2801 MATα T7-nup1ΔFxFG trp1 ura3-52 leu2 his3 [25]
SWY2811 MATα lys2 ura3 leu2 his3 HA-LoxP-nsp1ΔFG [25]
SWY2825 MATα T7-LoxP-nup49ΔGLFG trp1 ura3 leu2 his3 [25]
SWY2919 MATα lys2 ura3 leu2 his3 Flag-LoxP-nsp1ΔFxFG-ΔFG [25]
SWY3030 MATα lys2 ura3 leu2 his3 HA-LoxP-nsp1ΔFxFG [25]
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Kaps (“exportins”) associate with a nuclear export signal (NES) in the
nucleus in the presence of the GTP-bound form of the Ran GTPasewithin
the nucleus. The Kap/NES-protein/Ran-GTP heterotrimer crosses the
NPC and the exported protein substrate is released in the cytoplasm
upon GTP hydrolysis. FG-Nups play an important role in Kap-mediated
nucleocytoplasmic transport by providing sites for transient karyopherin
binding (reviewed in [12]). Karyopherin mutants that fail to bind FG
repeats exhibit signiﬁcantly reduced import [13]. Although it is clear
that nuclear transport requires a direct interaction between Kaps and
FG domains, exactly how different karyopherins utilize FG Nups to
move cargo through the complex is not well understood.
The karyopherin Msn5/Kap142 functions as an exportin for more
than 15 protein substrates whose intracellular locations are tightly
controlled, including the transcription factors Pho4, Msn2, Far1,
Spo12, Maf1, Crz1 and Mig1 [14–19]. Interactions have been detected
between Msn5 and at least eight of the thirteen yeast FG Nups, in-
cluding Nup1, Nup2, Nup42, Nup49, Nup57, Nup100, Nup116, and
Nup145 [20,21]. These data suggest that Msn5 interactions with FG
nucleoporins are integral to its function as a transport receptor.
The Crz1 transcription factor is exported from the yeast nucleus by
Msn5 [17]. The intracellular localization of Crz1 is regulated by a cal-
cium signaling pathway that begins with the activation of calcineurin,
which dephosphorylates Crz1, thus inhibiting Crz1 nuclear export by
Msn5 and inducing Crz1 import by the importin Nmd5 [17,22]. Rapid
nuclear export of Crz1 can be induced by the immunosuppressive
drug FK506, which inhibits calcineurin phosphatase activity, allowing
the phosphorylation of Crz1 and subsequent Msn5-mediated export.
Thus, Crz1 accumulates in the nucleus in the presence of Ca2+ and
undergoes Msn5-mediated export from the nucleus upon addition
of FK506.
While kinetic assays have allowed nuclear protein import to be
carefully examined in many yeast mutants [23–28], the export of pro-
teins from the nucleus has not been as closely studied. Permeabilized
cell assays have been developed in an effort to identify soluble factors
important for protein export in mammalian cells [29,30] and microin-
jection of photoactivatable proteins has recently allowed assessment
of export rates for speciﬁc proteins in mouse embryonic cells [31]. But
neither of these methods provide a mechanism for the large-scale
analysis of gene mutations on the kinetics of nuclear export, nor do
they allow investigation of the effects of speciﬁc Nup mutations on
transport rate. Here we report the development of a kinetic nuclear
export assay that uses Crz1-GFP localization to investigate the relative
rate of Msn5-mediated export in yeast and the use of this assay to
identify FG-Nups necessary for efﬁcient protein export. Using this
assay, we observe that the deletion of FG-Nups Nup100 or Nup2 de-
creases export rates, while the export rates in nup42Δ and nup60Δ
are not signiﬁcantly different from wild type. We observe a similar
export defect in nup100Δ for Mig1-GFP, a second Msn5 export sub-
strate. Export rates also vary in Nup mutants lacking FG repeats.
nup100ΔGLFG and nsp1ΔFGΔFXFG cells exhibit reduced transport,
while nup1ΔFXFG exports Crz1-GFP at a rate similar to wild type.
Using a CDRE-LacZ reporter, we show that nup mutants with kinetic
export defects retain higher levels of Crz1 transcription activation
activity than mutants that export efﬁciently, providing additional ev-
idence for increased nuclear accumulation of Msn5 export substrates
in these mutants. These data provide in vivo evidence that the GLFG
repeats of Nup100 are necessary for efﬁcient Msn5-mediated trans-
port through the NPC, suggesting that only a speciﬁc subset of FG
repeats are essential for normal Msn5 transport kinetics and that
this subset is different from Nups identiﬁed as being important for
mRNA export and protein export by other Kaps [25,32,33]. Impor-
tantly, this new kinetic assay provides novel insights into protein ex-
port pathways and adds support to the hypothesis that translocation
by different transport factors is dependent upon distinct subsets of
nucleoporins.2. Materials and methods
2.1. Reagents, strains, plasmids, and media
Yeast strains and bacterial plasmids used in this work are shown
in Tables 1 and 2, respectively. Yeast transformations were performed
as described [34]. Cell cultures andmedia preparations were also carried
out as described [35]. Enzymes for molecular biology were pur-
chased from New England Biolabs (Beverly, MA) and used per the
manufacturer's instructions. Plasmid DNA was puriﬁed using the
QIAprep Spin Miniprep Kit (QIAGEN Sciences, Germantown, MD).
2.2. Fluorescence microscopy
To visualize Crz1 localization using ﬂuorescence microscopy, cells
were transformed with a plasmid expressing Crz1 fused to GFP
(pLMB127) and selected for SD−Ura media. For ﬂuorescence micros-
copy, the transformants were grown overnight at 24 °C in SD−Ura
media with NH4Cl (1.5 mg/ml yeast nitrogen base, 1 mg/ml NH4Cl,
20 mg/ml dextrose, 0.75 mg/ml CSM−URA). Cells were grown to
early log phase (A600=0.05–0.2) and visualized under direct ﬂuores-
cence using a Nikon E400 microscope. Images were captured using
SPOT RTKE (Diagnostic Instruments, Inc., Sterling Heights, MI) cameras.
2.3. Crz1 export assays
To measure the relative rate of Crz1-GFP export, cells were pre-
pared as described above. CaCl2 was added to a ﬁnal concentration
of 170 mM and cells were incubated at 24 °C for 10 min. To initiate
Crz1-GFP export, cells were incubated in media containing 170 mM
CaCl2 and 1.4 μg/ml FK506. The percent of cells with nuclear Crz1-GFP
was determined by direct ﬂuorescence microscopy prior to FK506 addi-
tion (t=0) and at regular intervals after addition. At least 100 cells were
counted for nuclear vs. cytoplasmic ﬂuorescence at each timepoint. Each
experiment was replicated three or more times and all assays were
performedwith themicroscopist blind to the yeast strain being assayed.
The percent of cells with nuclear Crz1 ﬂuorescence (%N) was plotted vs.
time for each strain to generate curves representative of the relative rate
that Crz1 is exported out of the nucleus. To determinewhether variation
in export rate between strainswas statistically signiﬁcant, a natural log-
arithm transformation (ln[%N]+1) was used to generate a linear rela-
tionship between %N and time for each strain. ANCOVA was then used
to determine the main effects of strain, time, and the strain∗time inter-
action. If the interaction term explains a signiﬁcant amount of the total
variation in %N, there is a signiﬁcant among-strain variation in export
rate. Following this analysis, the estimated marginal means of %N for
each strain were calculated to determine the value of %N for each strain
averaged over all time points in the study. To determine whether there
Table 2
Plasmids used.
Strain Genotype Source
pRS314 CEN TRP1 ampR [50]
pRS315 CEN LEU2 ampR [50]
pLMB127 CEN URA3 3xGFP-Crz1 ampR [17]
pAMS367 URA3-4xCDRE-LacZ ampR [17]
LDB107 CEN TRP1 NUP1 ampR L. Davis
pUN100-NSP1 CEN LEU2 NSP1 ampR [51]
pBM3495 2 μ URA3 Mig1(217-400)-GFP-β-gal M. Johnston
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post-hoc LSD tests were used for these estimated marginal mean
data. The results of these analyses show whether there is signiﬁcant
among-strain variation for %N when time is held constant, and show
whether there are signiﬁcant differences in %N among all pair-wise
strain comparisons.2.4. Mig1 export assays
Yeast cells expressing Mig1 residues 217–400 fused to GFP and
β-galactosidase (pBM3495) were grown overnight at 24 °C in SD−Ura.
Prior to assaying, cells were incubated for 30 min in fresh SD−Ura,
then observed for Mig1-GFP localization by direct ﬂuorescence micros-
copy. Cells with nuclear and cytoplasmic localization were counted and
the % cells with nuclear ﬂuorescence (%N) determined (t=0). Cells
were then pelleted and resuspended in SD−Ura lacking dextrose and
containing 5% glycerol. Cells were observed under direct ﬂuorescence
microscopy and %N determined at regular timepoints up to 1 h after
glycerol addition. Export assays were performed blind with each yeast
strain assayed at least two times.2.5. β-Galactosidase assays
To quantify the relative activity of the calcineurin-dependent
response element in strains with mutated FG nucleoporins, CDRE::
LacZ (pAMS367) was integrated into the genome at URA3 locus of
nup100ΔGLFG (SWY2762), nup49ΔGLFG (SWY2825) nup1ΔFXFG
(SWY2919), nup1ΔFXFG+NUP1 (SWY2801+pLDB107), nsp1ΔFGΔFXFG
(SWY2919), nsp1ΔFXFG (SWY3030), nsp1ΔFG (SWY2811), and
wild-type (SWY2283) yeast strains after being linearized using the
restriction enzyme Stu1. Yeast cells were grown overnight in selec-
tive media to exponential growth phase. Cells were resuspended in
500 μl Z-buffer (100 mM Na2HPO4, 40 mM NaH2PO4, 10 Mm KCl,
1 mM MgSO4, 0.027% β-mercaptoethanol, 0.1% SDS) and vortexed
for 5 min. Chloroform (5%) was added to the Z-buffer suspension and
the cells were lysed by vortexing for 1 min. Chlorophenol red-β-D-
galactopyranoside (3.84 mM)was added and reactions were incubated
at room temperature for 1–2 h after which each sample was measured
for absorbance at A595. Miller units of β-galactosidase activity were cal-
culated as per Miller [36]. Because activity levels varied among the days
that the assays were performed, β-galactosidase activity was converted
into units of standard deviation away from the mean for each day by
subtracting the activity level of each sample from the average activity
level in all samples for that day and then dividing by the standard devi-
ation in activity level for that day. The average units of deviation away
from the day mean for each mutant were then calculated and plotted
relative to wild type. Statistical analyses were performed by one-way
ANOVA to determine if variation among the strains for β-gal activity
was greater than the variation within the strains, and post-hoc Tukey
tests carried out to perform all pair-wise strain comparisons in activity
level. Comparisons between the nup1ΔFXFG strain and the correspond-
ing wild-type is expressed in Miller units because standard deviations
from day mean cannot be calculated for only two strains.3. Results
Nuclear protein import through the NPC has been studied exten-
sively using biochemical and genetic approaches, steady-state micro-
scopic analysis, and kinetic in vivo import assays (reviewed in [4,37]).
However, the function of speciﬁc Nups in the export of nuclear pro-
teins to the cytoplasm has not been as carefully examined and thus
far has not included investigation of the relative kinetics of protein
export through the NPCs. Impaired nuclear protein export should result
in nuclear accumulation of the transporter, and thus of the cargo that
would normally be exported. When the rate of import is greater than
the rate of export, the cargo will appear to accumulate in the nucleus.
Conversely, when the rate of export out of the nucleus surpasses that
of import, the cargo appears to be cytoplasmically localized when ex-
amined under steady state conditions. However, defects in the rate of
transport under particular conditions will not be readily apparent
using steady state localization if those conditions donot alter the overall
direction of transport. An assay that examines changes in localization of
a marker protein over time is required to identify alterations in the
kinetics of nucleocytoplasmic transport. While such assays exist for in-
vestigating nuclear protein import [23], we are not aware of any such
kinetic assays investigating variations in the rate of nuclear protein
export.
3.1. Assay to examine nuclear protein export kinetics
Using Crz1-GFP as a marker for inducible Msn5-mediated protein
export, we have developed a method for detecting changes in the rate
of nuclear protein export in nupmutant cells (Fig. 1). Crz1 is primarily
cytoplasmic in cells grown in synthetic complete (SC) media, but rap-
idly accumulates in the nucleus upon addition of Ca2+ ([22]; Fig. 1A).
Upon exposure to the calcineurin inhibitor FK506, Nmd5-mediated
Crz1 import is inhibited and Msn5-mediated Crz1 export is activated,
resulting in a rapid reaccumulation of Crz1 in the cytoplasm [17,22].
We have developed an assay to follow the progression of this move-
ment by counting the number of cells with nuclear Crz1-GFP accumu-
lation and the number with cytoplasmic signal and using those values
to determine the ratio of nuclear vs. cytoplasmically ﬂuorescent cells.
This ratio was measured at regular timepoints from FK506 addition
through 25 min after addition and plotted to yield a curve that provides
information about the kinetics of Crz1 export in the population of cells
assayed (Fig. 1B). This shift from nuclear to cytoplasmic Crz1 localization
is rapid, occurring in less than 10 min in wild type yeast. As expected,
cells lacking Msn5 fail to export Crz1-GFP from the nucleus upon
FK506 addition. Thus, this in vivo nuclear export assay can be used to in-
vestigate the kinetics of Msn5-mediated Crz1-GFP export and provide a
novel mechanism to gain insight into the kinetics of nuclear protein
export.
3.2. nup100Δ and nup2Δ cells have slowed Crz1 export
In order to investigate the function of speciﬁc Nups inMsn5-mediated
nuclear protein export, we repeated this kinetic assay on several yeast
strains containing complete deletions of speciﬁc nup genes. We selected
deletions of four FG-containing Nups for comparison with an isogenic
wild type strain (Fig. 2A): Nup42, a cytoplasmically oriented Nup
with FG repeats; Nup100, a GLFG Nup from the NPC channel that ex-
hibits a slight bias in abundance toward the cytoplasmic side of the
NPC; Nup60, an FXFG Nup from the nucleoplasmic face of the NPC;
andNup2, a nucleoplasmically oriented FXFGNup that is only transiently
associated with the NPC [1,38]. These nup mutants were selected to in-
vestigate the importance of several different types of FG repeats on
Crz1 export and because complete deletions of each of these Nups re-
main viable. In each strain, Crz1-GFP was induced to accumulate in the
nucleus, then cells were treated with FK506 to stimulate Crz1 export.
The percent of cells retaining strong nuclear ﬂuorescence was measured
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Fig. 1.Msn5-mediated nuclear export kinetics can be followed in vivo using FK506 in-
duced nuclear export of Crz1-GFP from the nucleus. (A) Crz1-GFP localization changes
upon addition of Ca2+ and FK506. Yeast expressing Crz1-GFP were examined using di-
rect ﬂuorescence microscopy prior to calcium addition (untreated), after the addition
of CaCl2 to 170 mM for 5 min (+Ca2+), and after addition of FK506 to 1.4 μg/ml for
10 min (+FK506). Fluorescence (Crz1-GFP) and phase-contrast (phase) photomicro-
graphs are shown. (B) Wild type and msn5Δ cells export Crz1-GFP at different rates
following addition of FK506. Data points represent the mean percentage of cells with
nuclear Crz1-GFP ﬂuorescence at each time point based on a minimum of three assays.
Error bars represent standard error of the mean.
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Fig. 2. Crz1-GFP is exported from the nucleus at different rates in different nupmutants.
(A) Schematic cartoon of the location within the NPC of Nups investigated using the in
vivo nuclear export kinetics assay. (B) Yeast cells expressing Crz1-GFP were examined
for Crz1 export kinetics after addition of FK506 as described in Fig. 1 and Materials and
methods. Wild type cells (-●-) and mutants lacking Msn5 (msn5Δ -◯-), Nup100
(nup100Δ -▼-), Nup2 (nup2Δ -△-), Nup42 (nup42Δ - -), and Nup60 (nup60Δ - -) were
assayed. Data points represent mean percentage of cells with nuclear Crz1-GFP and
error bars represent standard error of the mean. (C) Direct ﬂuorescence microscopy was
performed on wild type (WT), msn5Δ, and nup100Δ cells expressing Crz1-GFP. Cells
were treated with Ca2+ and photomicrographs were taken prior to FK506 addition (0),
and at 4, 6, and 10 min after the introduction of FK506.
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rate of Crz1 varied among the ﬁve strains tested over the ﬁrst
6 min (ANCOVA strain∗time: F(1,4)=4.522, pb0.005) with nup100Δ
exhibiting the slowest Crz1-GFP export kinetics. However, by 20 min
after FK506 addition all four nupmutants and thewild type cells showed
nearly complete cytoplasmic localization of Crz1. Only anmsn5Δmutant,
which lacks the karyopherin required for Crz1 export, failed to eventual-
ly export Crz1-GFP.
We next carefully analyzed the Crz1-GFP export kinetics of each
nup mutant compared to wild type cells. A deletion of the GLFG
nucleoporin Nup100 results in a signiﬁcantly reduced rate of Crz1-GFP
nuclear export following FK506 treatment compared to wild type cells
(Fig. 2B, C). Two minutes after FK506 addition over 60% of nup100Δ
cells retain strong nuclear Crz1-GFP, while less than 30% of wild type
cells show nuclear ﬂuorescence. By 6 min after inducing export,
approximately 30% of nup100Δ cells show nuclear ﬂuorescence, as com-
pared to 3% of wild type cells. A loss of the FXFG-Nup, Nup2, also signif-
icantly slows Crz1-GFP export, with 49% of cells displaying nuclear
ﬂuorescence at 2 min and 14% displaying nuclear ﬂuorescence at
6 min following FK506 addition. Neither a complete deletion of Nup42
nor Nup60 results in a signiﬁcant change in Crz1-GFP export kinetics.
These data indicate that a subset of FG-Nups are essential for efﬁcientMsn5-mediated export of Crz1 from the nucleus, while the absence of
other tested FG-Nups does not affect the kinetics of Crz1 export.
3.3. Deletion of NUP100 reduces Mig1 protein export kinetics
To determine if the differences in transport observed between
nup100Δ and wild type cells are speciﬁc to Crz1-GFP or are an indica-
tor of a more general effect on Msn5-mediated protein export, we in-
vestigated the export kinetics of Mig1-GFP. Mig1 is a transcription
factor that regulates glucose repression and shuttles in and out of the
nucleus in response to changes in glucose concentration [39]. We
grewwild-type (BY4742),msn5Δ, nup100Δ, nup42Δ, and nup170Δmu-
tant cells expressing Mig1-GFP in media containing glucose, allowing
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Fig. 4. Cells lacking Nup100 GLFG domains have reduced Crz1-GFP export kinetics as
compared to wild type control cells. Export assays were performed on wild type
(-●-), msn5Δ (-o-), nup100Δ (-▼-), and nup100ΔGLFG (-△-) cells as described for
Fig. 2A. Data points represent the mean percent of cells with nuclear Crz1-GFP localiza-
tion following incubation in FK506 for the amount of time indicated, based on a mini-
mum of three assays. Error bars represent the standard error of the mean.
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shifting the cells to media containing glycerol as the primary carbon
source and examined the intracellular location of Mig1-GFP over time
(Fig. 3). Wild-type cells export Mig1-GFP rapidly so that fewer than
25% of cells show nuclear Mig1-GFP within 3 min following the shift
to glycerol. The percent of wild-type cells with nuclear Mig1-GFP ﬂuo-
rescence then remains steady at about 20%. Populations of cells lacking
Msn5 undergo a decrease in nuclearﬂuorescence from89% to 64% in the
ﬁrst 3 min after the shift to glycerol, but then retain nuclear ﬂuores-
cence at levels above 60% for the remainder of the assay, conﬁrming
previous reports thatMsn5 is a karyopherinmediatingMig1 protein ex-
port [39]. For the nup100Δmutant, 55% of cells show nuclear Mig1-GFP
at 3 min and over 40% retain nuclear Mig1-GFP throughout the assay.
Deletion of either Nup170, a non-FG Nup important for efﬁcient NPC
assembly and organization, or Nup42 result in import kinetics similar to
those seen for wild type cells, although nup170Δmutants show a slight
decrease in cellswith nuclearMig1 and nup42Δmutants showa slight in-
crease at 3 min. By 6 min post-glycerol addition, the percent of nup42Δ
or nup170Δ cells with nuclear Mig1-GFP is nearly identical to wild type
cells. The reduced export kinetics of both Crz1 and Mig1 in nup100Δ
cells indicate that Nup100 is important for general Msn5-mediated
nuclear protein export.
3.4. Nup100 GLFG repeats are necessary for efﬁcient Crz1 export
Nup100 associates with Msn5 and other karyopherins via its GLFG
repeats [21,40–42]. To determine if the GLFG repeats of Nup100 are
necessary for efﬁcientMsn5-mediated protein export, we performed ki-
netic Crz1-GFP export assays on nup100ΔGLFG yeast [25] that complete-
ly lack their GLFG repeat domains (Fig. 4). The nup100ΔGLFG yeast
showed a decreased rate of export when compared to wild type cells
(70% and 50% nuclear Crz1-GFP, respectively, after 2 min; 59% and
39% nuclear Crz1-GFP after 4 min), but nup100ΔGLFG and nup100Δmu-
tants exhibited export kinetics that are not signiﬁcantly different from
each other. Thus, the Nup100 GLFG domain is necessary for efﬁcient
Msn5-mediated export and this domain appears to be the primary rea-
son that nup100Δmutants have reduced export kinetics.
3.5. Deletion of Nup100 GLFGs reduces Crz1-dependent transcription
Crz1 functions as a transcription factor for multiple genes by asso-
ciating with a calcineurin-dependent response element (CDRE) in the
promoter of responding genes [43]. The nuclear localization of Crz1 is0 10 15 20 25 305
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Fig. 3. Mig1-GFP is exported less efﬁciently in cells lacking Nup100 than control wild
type cells. Mig1-GFP was expressed in wild type (-●-), msn5Δ (-o-), nup100Δ (-▼-),
nup42Δ (-△-), and nup170Δ (- -) cells in the presence of 2% dextrose. After conﬁrming
Mig1-GFP localization in the nucleus (t=0 min), cells were pelleted, rinsed in media
lacking a carbon source, resuspended in media containing 5% glycerol, and assayed
for the percent of cells exhibiting nuclear ﬂuorescence every 3–4 min. Error bars rep-
resent standard error of the mean.necessary for efﬁcient binding and activation of the CDRE and activa-
tion of a CDRE-LacZ reporter has been used previously as a reporter
for the accumulation of Crz1 within the nucleus [17]. To further char-
acterize the role of speciﬁc nup mutations in the nucleocytoplasmic
transport of Crz1, we have used a CDRE-LacZ reporter to investigate
the steady-state transcriptional activation activity of Crz1-GFP in several
isogenic yeast strains containing speciﬁc nup mutations (Fig. 5). Given
the results of our export kinetics assay indicating that Nup100 GLFG re-
peats are important for efﬁcient Crz1 nuclear export, we testedwhether
removal of Nup100 GLFGs altered Crz1-dependent activation of the
CDRE-LacZ reporter. A comparison of the relative standard deviation
from the mean between wild type, nup100ΔGLFG, and nup49ΔGLFG
cells reveals that nup100ΔGLFG cells have a signiﬁcantly higher level
of steady state CDRE-LacZ activation than do wild-type cells (Fig. 5A).
Thus, nup100ΔGLFGmutants have increased Crz1 transcriptional activa-
tion activity, consistent with a nuclear accumulation of Crz1 resulting
from a decrease in Crz1 nuclear export. Conversely, nup49ΔGLFG mu-
tants have a lower level of CDRE activation, in agreement with our
observation that a yeast strain lacking Nup49 GLFG repeats accumulate
Crz1-GFP in the nucleus after Ca2+ addition in fewer than 50% of cells
(E. DeRoo, G. Clement, and K. Belanger, unpublished). These data sug-
gest that the CDRE-LacZ assay can be used to assess the Crz1 nuclear ex-
port efﬁciency in yeast that undergo Crz1 nuclear import.
3.6. Nsp1 but not Nup1 FG mutations affect Crz1 nuclear export and
Crz1-dependent transcription
Given the potential utility of the CDRE-LacZ assay for investigating
Msn5-mediated export, we compared Crz1-GFP export rates and CDRE
activation in several additionalnupmutant strains. First,we compared ex-
port rates between mutant cells containing a mutation in FXFG-repeat
containing Nup1 and an isogenic wild type strain. The FXFG repeat
domain of Nup1 associates with the karyopherin Kap95 [44,45] but a
physical interaction with Msn5 has not been detected by biochemical
methods. Using our export assay, we determined that the deletion of
Nup1 FXFG repeats does not alter the kinetics of Crz1-GFP export
(Fig. 5B). Furthermore, we ﬁnd that CDRE activation assayed using the
CDRE-LacZ reporter does not differ between nup1ΔFXFG and wild type
cells (ANOVA: F(1,126)=1.185, p>0.27; Fig. 5C). Together these data
provide evidence that the FXFG repeats of Nup1 are not important for
Msn5-mediated Crz1 export.
For comparison, we investigated the Crz1 export rate and CDRE
activation in several mutants of Nsp1, an FG-Nup that contains a series
of FXFG repeats as well as some degenerate “FG” repeats. A complete
deletion of Nsp1 is lethal, so we focused our assays on three nsp1 mu-
tants containing deletions of just the FXFG region (nsp1ΔFXFG), just
the FG region (nsp1ΔFG), or both (nsp1ΔFGΔFXFG). The export kinetics
AB C
D E
Fig. 5. Deletion of different FG-Nup domains affects Crz1 export in different ways. (A) Wild type, nup100ΔGLFG, and nup49ΔGLFG cells expressing CDRE-LacZ were assayed for
β-galactosidase activity. Activity is represented as relative standard deviation from day mean, as described in Materials and methods. (B) Export assay comparing Crz1-GFP export
kinetics in wild type (-●-) and nup1ΔFXFG (-o-) cells. (C) Comparison of CDRE-LacZ expression in wild type and nup1ΔFXFG cells. Expression is measured in Miller units of
β-galactosidase activity and represents the mean values from at least four independent assays. Error bars represent standard error of the mean. (D) Export assay comparing export
kinetics of Crz1-GFP between wild type (-●-), nsp1ΔFG (-o-), nsp1ΔFXFG (-▼-), and nsp1ΔFGΔFXFG (-△-) cells after addition of FK506. (E) CDRE-LacZ reporter assays comparing
nuclear Crz1 transcription activity between wild type cells and nsp1ΔFG, nsp1ΔFXFG, and nsp1ΔFGΔFXFGmutants. LacZ expression is represented as the relative standard deviation
from the day mean.
1101E.M. Finn et al. / Biochimica et Biophysica Acta 1833 (2013) 1096–1103of all three mutants are slower than a wild type control (Fig. 5D), with
the export rates of nsp1ΔFGΔFXFG signiﬁcantly slower than those with
only FG or FXFG repeat sequences removed. These differences in Crz1
transport are supported by the level of CDRE-LacZ activity in each
nsp1 mutant strain (Fig. 5E). Comparing the relative standardized
CDRE-LacZ expression between nsp1ΔFGΔFXFG, nsp1ΔFG, nsp1ΔFXFG,
and wild type cells, nsp1ΔFGΔFXFG cells have signiﬁcantly greaterCrz1 transcription activation activity than either of the less severely im-
pactednsp1ΔFG ornsp1ΔFXFGdeletions. Variation among the strains for
β-galactosidase activity was greater than the variation within the
strains (ANOVA: F(3,15)=16.854, pb0.001). Thus, while the FG- and
FXFG-repeats each contribute to optimal transport efﬁciency, the absence
of both severely alters Crz1 nuclear export. Together, the Nup1 and Nsp1
data provide strong evidence that different FG domains on different Nups
1102 E.M. Finn et al. / Biochimica et Biophysica Acta 1833 (2013) 1096–1103have different inﬂuences on Msn5-mediated nuclear protein export and
that measuring CDRE activity provides an additional assay for investi-
gating Crz1 nucleocytoplasmic transport.
4. Discussion
Nucleocytoplasmic transport requires transient interactions be-
tween soluble transport receptors and phenylalanine–glycine (FG)
containing repeats of the nuclear pore complex. Here we report the
investigation of FG-Nups important for efﬁcient protein export from
the nucleus using a novel assay for nuclear export kinetics. To our
knowledge, this study provides the ﬁrst in vivo examination of the effect
of speciﬁc Nup mutations on the kinetics of protein export through the
NPC. While permeabilized cell assays in metazoan cells [46] and in vivo
import assays in yeast [23] have allowed for careful examination of the
nucleoporins and soluble factors affecting the import of NLS-containing
proteins into the nucleus, analysis of proteins required for export has
been more difﬁcult. Proteins that are exported from the nucleus are by
deﬁnition “shuttling” proteins in that they must enter the nucleus prior
to being exported. Thus these proteins must contain (or associate with
a protein that contains) an NLS that mediated their nuclear import in
addition to an NES that facilitates export. The apparent intracellular lo-
calization of a shuttling protein under steady state conditions is depen-
dent upon the relative rate of protein import versus export. If the rate
of import is greater, the protein will appear to be “nuclear.” If export
occurs faster than import, the majority of the protein will be outside
the nucleus and the localization will appear cytoplasmic. This shuttling
leads to several experimental difﬁculties. In order for export to be
studied, a protein must ﬁrst be detectable in the nucleus, requiring
faster import than export. Then a mechanism for following passage
out of the nucleus must exist to provide a way to detect export, or
at least to measure the relative rate of substrate export vs. import.
A permeabilized cell assay has been used in efforts to identify soluble
factors important for the export of speciﬁc substrates in mammalian
cells [29] and the microinjection of photoactivatable fusion proteins
has allowed investigation of nuclear export kinetics of theOct4 transcrip-
tion factor in cleavage-stage mouse embryos [31]. However, an assay
that allows for investigation of export rates in large numbers of mutants,
including nucleoporinmutants, has not been reported. The in vivo export
kinetics assay we have developed in yeast provides the ﬁrst mechanism
to comprehensively investigate relative export rates in nucleoporin and
transport factor mutants.
We have used the yeast nuclear export kinetics assay to investigate
the transport of substrate proteins (Crz1 and Mig1) whose nuclear im-
port is more rapid than export under one set of environmental condi-
tions (the presence of Ca2+ or glucose, respectively) and whose export
is more rapid than import under a different set of conditions (addition
of FK506 or removal of glucose, respectively). By assessing substrate
protein localization at intervals after conditional shift, we not only deter-
mine whether the substrate is exported, but also observe differences in
the kinetics of export betweenmutants. Bymeasuring changes in export
kinetics we have been able to detect subtle but signiﬁcant perturbations
in export rate that are not detectable by examining localization of an
NES-containing substrate in cells under steady-state conditions.
The sensitivity of our kinetic export assay has allowed us to iden-
tify a subset of FG-containing Nups that are necessary for efﬁcient
Msn5-mediated export, including Nup100, Nup2, and Nsp1, while
also providing evidence that other FG-Nups and FG-repeats contribute
less signiﬁcantly, if at all, to Crz1 export. Nup100 is localized toward
the cytoplasmic side of the central core of the NPC [1]. We observe
that both a complete deletion of Nup100 and removal of the Nup100
GLFG repeats reduce the export kinetics of Crz1-GFP. This result consists
of the ﬁnding thatMsn5 biochemically associateswithNup100 [21].We
have conﬁrmed the effects of a nup100Δ mutation on Msn5-mediated
export using two different marker proteins, Crz1-GFP and Mig1-GFP,
and have supported these data with a CDRE-LacZ assay that reportsnuclear Crz1 transcription activity. While this study examines the ex-
port kinetics of Msn5 substrates Crz1 and Mig1, similar export assays
could be developed for other karyopherin substrates that undergo reg-
ulated nucleocytoplasmic shuttling, including Far1 [15], Msn4 [18],
Pho4 [14], Aft1 [47], Yap1 [48], and proteins whose shuttling is experi-
mentally controlled byphotoactivation or induced dimerization [31,49].
A Nup2 deletion also results in a statistically signiﬁcant decrease
in export kinetics of Crz1-GFP, although the decrease is smaller than
observed for nup100Δ or nup100ΔGLFG. FRET analysis has revealed a
close juxtaposition of Msn5 and Nup2 in vivo [20] providing support
for a functional role for this interaction. Interestingly, Msn5 also inter-
acts with Nup42, Nup49, and Nup1 [20,21], but we do not observe
signiﬁcant changes in Msn5-mediated export upon deletion of these
Nups or their FG repeats. It is possible that although Msn5may interact
functionally with these Nups, other Nups compensate for their absence,
resulting in an inability to detect even subtle perturbations of export ki-
netics. Alternatively, while biochemical and FRET assays reveal interac-
tions under experimental conditions, the proteins still may not interact
functionally in vivo. Interestingly, we observe a decrease in Crz1 export
in Nsp1 mutants, despite the absence of published evidence for an
Msn5–Nsp1 physical or functional interaction. Further experiments
are necessary to determine if the export defect we observe is indicative
of a direct functional relationship between Msn5 and Nsp1 or due to a
more general perturbation of NPC function that indirectly inﬂuences
Msn5-mediated translocation.
Our observations also reveal differences in Msn5-mediated trans-
port kinetics between Nup mutants from which similar domains are
deleted. Nup1, Nup2, and Nsp1 are all FXFG Nups, with Nup1 and
Nup2 found in the NPC basket and Nsp1 in the central core of the
NPC [1]. We did not observe a decrease in Crz1-GFP export kinetics
in nup1ΔFXFG cells, while Crz1-GFP export does decrease in both
nup2Δ and nsp1ΔFXFG mutants to different extents, suggesting that
some functional differences exist between the FXFG repeats of these
three proteins. Interestingly, export is also reduced in nsp1ΔFG cells
and is signiﬁcantly affected by removing both the FG and FXFG repeats
of Nsp1, providing evidence that these dissimilar repeats may have a
redundant or cooperative function in Msn5-mediated nuclear export.
Future experiments that swap FG-repeats between different Nups and
carefully investigate potential changes in export kinetics will provide
insight into the specialized functions of similar FG-repeats found on dis-
tinct Nups.
Our observations also provide preliminary evidence for differing
effects on nuclear import and export between related FG repeats.
Nup100 and Nup49 are both GLFG-Nups found in the central core of
the NPC, with Nup49 localized symmetrically and Nup100 biased
slightly toward the cytoplasmic face.While nup49ΔGLFG cells do not ac-
cumulate Crz1-GFP in the nucleus efﬁciently enough to perform an ex-
port kinetics assay (E. DeRoo, G. Clement, K. Belanger, unpublished) and
show low levels of Crz1 transcriptional activity (Fig. 5A). nup100ΔGLFG
cells accumulate Crz1 in the nucleus but export it more slowly than
wild-type and have increased Crz1 activity compared to wild-type. Dif-
ferences in transport between GLFGmutants have been observed previ-
ously when examining Kap121-mediated import and Mex67-mediated
mRNA export [29]. The data we report here provide additional evidence
for a functional distinction between some highly similar FG-repeat
sequences.
FG-Nups are necessary for nucleocytoplasmic protein transport.
However, the speciﬁcity of the contribution of any one FG-Nup to
the transport of a speciﬁc karyopherin/cargo complex is unclear. We
have developed a novel in vivo nuclear export assay that contributes
kinetic evidence to a growing body of steady-state data [25,32] indi-
cating that speciﬁc Nups have distinct roles in nuclear export. Our
data reveal that examining export kinetics will be critical in dissecting
the function of distinct Nups in nuclear protein export. Finally, we
provide kinetic evidence that protein export – like protein import and
RNA export – requires speciﬁc Nups and that the subset of Nups required
1103E.M. Finn et al. / Biochimica et Biophysica Acta 1833 (2013) 1096–1103for efﬁcient Msn5-mediated protein export is distinct from those in-
volved in protein import [25] or mRNA export [32,33].
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